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The Boltzmann-Uehling-Uhlenbeck (BUU) Model, which includes the Fermi motion, the mean
field, individual nucleon-nucleon (N-N) interactions and the Pauli blocking effect etc., is used to
calculate the total reaction cross section σR induced by α-particles on different targets in the incident
energy range from 17.4 to 48.1 MeV/u. The calculation result can reproduce the experimental data
well. The nucleus-nucleus interaction radius parameter r0 was extracted from experimental σR. It
is found that r0 becomes constant with increasing the mass number of target.
PACS numbers: 25.70.-z, 24.10.-i, 27.20.+n, 27.30+t, 27.40+z
The total reaction cross section, σR, is one of the most
fundamental quantities characterizing the nuclei and the
nuclear reaction. It can be used to deduce the nuclear
size and it relates with nuclear equation of state (EOS)
and in-medium (N-N) cross section also. It has been ex-
tensively studied both theoretically and experimentally.
[1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19]
There are, however, very few experimental results of the
total reaction cross sections, σR, for light-ions like p, d,
3He, α etc. Recently σR for α-particles,
3He, d and pro-
ton on 9Be, 12C, 16O, 28Si, 40Ca, 58,60Ni, 112,116,120,124Sn,
and 208Pb targets have been measured at energies around
several tens MeV/nucleon. It provided an exciting chance
to understand the mechanism of nuclear reaction and
give a more reliable test of different models. The mea-
surements were performed with a well-collimated and
momentum analyzed beam from the Gustaf Werner cy-
clotron at The Svedberg Laboratory. The beam energy
spread was approximated 100 keV (FWHM), and the in-
tensity was typically 2 × 104 particles per second. A
detailed description of the apparatus and experimental
technique is given in Refs.[20, 21, 22, 23, 24, 25].
The results induced by light-ions are compared with
predictions from microscopic Glauber multile-scattering
theory which is based on the individual nucleon-nucleon
(N-N) collisions in the overlap volume of the colliding
nuclei.[18, 20, 21, 22, 23, 24, 26, 27, 28, 29] This Glauber
model calculation is a useful tool to study σR. It consid-
ers the Coulomb correction, uses Yukawa interaction with
finite range force and distinguishes neutron and proton
inside nuclei. Comparisons of σR at relativistic energy
with that at intermediate energies for projectiles heavier
than α-particle have been done by Ozawa et al.[12, 13]
The result calculated by the Glauber model is always un-
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derestimated σR at intermediate energies. This problem
has been solved now partly by few body Glauber model.
For light-ions like p, d, 3He, α etc., Glauber model can fit
experimental results, but the fit quality do not so well.
Some nuclear transport theories such as the Boltzmann-
Uehling-Uhlenbeck (BUU) model and quantum molecu-
lar dynamics (QMD) have been applied into the calcula-
tion of σR to resolve this problem also.[5, 6, 7, 8, 9] These
models incorporate the Fermi motion, the mean field, in-
dividual nucleon-nucleon(N-N) interactions and the Pauli
blocking effect etc. in calculation. They should be more
suitable for total reaction cross section calculation in in-
termediate incident energy. Test particles method and
the grid method originated from the fluid mechanics had
been introduced to revolve the BUU equation by C.Y.
Wong et al. More details can be found in Ref.[30]. For
medium projectiles, BUU model have been applied to
calculate the total cross section successfully,[5] So it is
interesting whether BUU calculation can be used in the
calculation of total reaction cross section induced by light
ions like α-particle.
In this letter we used the BUU model to calcu-
late the total reaction cross sections, σR, measured for
17.4 to 48.1 MeV α-particles on targets from 9Be to
208Pb.[21, 23] Within the framework of BUU model and
according to Poisson Statistics, the averageN -N collision
number can be obtained as a function of the impact pa-
rameter b by assuming a reasonable parameterization of
σNN . The probability of n times N -N collisions Tn(b) the
course of nucleus-nucleus reaction can be easily obtained
in BUU calculation. The sum of Tn(b) over n(n ≥ 1)
represents the total probability of N -N collisions and is
related closely to the absorption probability of nuclear
reaction. Therefore, the total reaction cross section is
given by
σR = 2pi
∫ [ ∞∑
n=1
Tn(b)
]
bdb = 2pi
∫
[1− exp(N)] bdb
(1)
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FIG. 1: Total reaction cross section induced by α-particle for
various targets as function of incident energy. The experimen-
tal data are indicted by open circles. Solid curves indicated
the calculations by using the BUU model.
where N is the average N -N collision number. More de-
tails can be found in Ref.[7]. The BUU equation can be
used to extract nuclear equation of state (EOS) and in-
medium N -N cross section ,σin−mediumNN , etc., from the
analysis of the experimental excitation function for the
total reaction cross section, σR, if we know the nucleon
density distribution for the projectile and target.[7, 8]
The projectile and target nucleus are stable nucleus here
in this paper, so the well-known Cugnon’s parameteriza-
tion σCug for σNN [31], soft EOS, and square-type density
distribution are used in the BUU calculation.[5] Then the
Nucleus-Nucleus interaction radius parameter r0 can be
deduced by fitting experimental data at one incident en-
ergy, which is 48.1 MeV in this paper. As shown in Fig.
1, the experimental data are indicated by closed circles.
Solid curves indicated the calculated results by using the
BUU model. As seen, the energy dependence changes
with the mass number of targets. These experimental
data induced by α-particles are in very well agreement
with our calculated results for all targets at all experi-
mental incident energy, where the experimental data at
incident energy 48.1MeV were used in fitting procedure
to get r0. For light targets the total reaction cross sec-
tion decreases with increasing energy, in agreement with
what is expected from the energy dependence of nucleon-
nucleon scattering cross section. For medium and heavy
targets, however, the total reaction cross section remains
more or less independent of energy and geometrical ef-
fects seem to dominate. For medium and heavy-targets
at low energies, maybe, Coulomb repulsion suppresses
the increase of the total reaction cross section with de-
creasing the incident energy. The experimental results
produced by heavier projectiles indicates also that for
light target the total reaction cross sections are much
more sensitive to the nucleon-nucleon interaction. The
total reaction cross sections induced by deuterons and
protons shown same tendency either for the experimen-
tal results or for BUU calculation.
The dependence of the total reaction cross section on
the atomic mass of target and projectile has been pa-
rameterized in many forms. According to the strong ab-
sorption model, the total reaction cross section σR can
be represented in terms of the interaction radius R and
nucleus-nucleus interaction barrier B, as
σR = 10piR
2(1− B/EC.M.)(mb) (2)
where R in fm and EC.M. in MeV. Different parameter-
ized formulas will have different parameterized forms for
R and B. Shen et al [4] propose a unified parametrized
formula for σR using:
B =
1.44ZrZp
r
− b
RtRp
Rt +Rp
(MeV ) (3)
R = r0
[
A
1/3
t +A
1/3
p + 1.85
A
1/3
t A
1/3
p
A
1/3
t +A
1/3
p
− C(E)
]
+
α
(At2Zt)Zp
AtAp
+ βE
−1/3
C.M.
A
1/3
t A
1/3
p
A
1/3
t +A
1/3
p
(4)
where r = Rt + Rp + 3.2fm, b = 1Mev · fm
−1,
RI = 1.12A
1/3
i − 0.94A
1/3
i , (i = t, p). α = 1fm, β =
0.176MeV 1/3·fm and the experience value around 1.0fm
was used normaly for r0. The nucleon radius parameter
r0 was also extracted from σR calculated by BUU for
48.1MeV incident energy. As seen, this radius decreases
with the mass number for light nuclei, but it stays es-
sentially constant at around 1.0 fm for heavy nuclei, as
shown in Fig. 2. The open stars denoted the calculations
by using the BUU model. And the open circles denoted
the calculations by using the Eq(2-3-4) for 48.1MeV in-
cident energy also. The deduced r0 via BUU can fit the
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FIG. 2: The nucleus-nucleus interaction radius parameter r0 as
function of target mass. The open stars denoted the calculations
by using the BUU model. The open circles denoted the calculations
by using the Eq(2-3-4).
results deduced from the parametrized formula of Shen.
It seems that the deduce r0 shows similar trend with the
parametrized formula calculations. For 9Be, it has two-α
plus one neutron structure, so the radium is larger. Our
calculation shows this enhance of radium. S.Q. Zhang
and J. Meng propose a unified parametrized formula for
the nuclear charge radii using Eq(5-6)[32]. Obvious Eq.6
is exactly the isospin-dependent A1/3 formula. It is inter-
esting to study the isospin-dependent of the target and
the nuclear charge radii in the future.
Rc = rZZ
1/3 = rZ(
A
2
−
N − Z
2
)
=
rZ
21/3
(1−
N − Z
A
)1/3 (5)
≈
rZ
21/3
(1−
1
3
N − Z
A
) (6)
 
 
 
 
 
 
 
 
  
FIG. 3: Total reaction cross section induced by α-particles
as function of the test particles. The solid line denoted 9Be
target The dash-dot denoted 12C target and the dot denoted
208Pb target.
The total reaction cross section calculated by BUU is
sensitive with the test particles number. An important
peculiar characteristic of the the test particles simulation
is to allow many test particles to represent one nucleon
so as to gain a clear insight into the dynamics of nuclear
systems in heavy-ion dynamics. In order to assess the
test particles simulation as a steady and useful concept,
we wish to carry out some numerical calculations and
compare them. We examined the dynamics at 48.1MeV.
The calculated results, here it is the total reaction cross
section, should reach stable saturation with increasing
the test particles number. In our calculations, the cal-
culation with different test particles was carried out and
the minimum test particle number is obtained. As shown
in Fig. 3, we use different numbers test particles to de-
4scribe the dynamics. For 9Be, in order to get the steady
total reaction cross section the test particles are 1000 at
least. And for 12C, 400 test particles are enough. For
208Pb, 200 test particles are enough even. It shows that
we can get steady σtotal for α-particle as projectile and
very light target as 9Be when the test particles numbers
is large enough.
In summary, we have presented the BUU Model cal-
culation for the total reaction cross sections induced by
α-particles at intermediate energies on targets from 9Be
to 208Pb. The BUU calculations can fit the experimen-
tal data very well. The nucleus-nucleus interaction radius
parameter r0 have been deduced from the BUU’s calcula-
tion. It is found that r0 becomes constant with increasing
the mass number of target and shows similar trend with
the parametrized formula calculations. It shows that the
total reaction cross sections induced by light-ion like α-
particle can be calculated by the BUU Model. Although
the projectile has few nucleons, the BUU calculation can
be used still for the total reaction cross section calcula-
tion if large enough test particle number was used. Be-
cause test particle method, here in this paper different
test particles were used The minimum test particle num-
ber ,which is needed for simulating one nucleon in order
to get back enough statistics and fit the experimental to-
tal reaction cross section, is a function of the target mass
number, it decrease with increasing the target mass num-
ber.
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